Background {#Sec1}
==========

Estimates of pregnant populations in a geographic region can be critical to assessing public health risks, such as chemical exposure \[[@CR1]\], alcohol use \[[@CR2]\], and advanced maternal age \[[@CR3]\]. Such estimates have also informed teenage pregnancy prevention plans \[[@CR4]\], the locations of abortion clinics \[[@CR5], [@CR6]\], and smoking ordinances \[[@CR7]\]. However, the precision and effectiveness of such efforts have been limited by their reliance on aggregated rather than age-specific pregnancy counts.

Pregnant populations can be estimated from counts of live births, fetal losses and abortions. However, such data are often aggregated into 3--5 year age groups. Only a handful of studies provide single-year-of-age pregnancy estimates, including several addressing the prevalence of Down's syndrome \[[@CR8]--[@CR10]\], fetal losses \[[@CR11]\], and cross-age pregnancy comparisons \[[@CR12]\].

Here, we describe an interpolation method for estimating single-year-of-age pregnancy counts from readily available, aggregated year-age live births, fetal losses and abortion data. To demonstrate the method, we derive county-level estimates across the state of Texas for the year 2010.

Main text {#Sec2}
=========

Nomenclature {#Sec3}
------------

We summarize the notation for our analysis below.

### Sets {#Sec34}
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### Data {#Sec35}
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We seek counts of live births, fetal losses, and abortions denoted by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$b_{ij}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_{ij}$$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$a_{ij}$$\end{document}$, respectively for county *i*, at a single-year-of-age resolution ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$j \in J$$\end{document}$), but counts are only available in aggregated year-age resolution groups ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k \in K$$\end{document}$). As an example, for our case study, we have counts of live births in a county from women of age-group $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k =[18-21)$$\end{document}$, but do not have counts of live births from women of age-groups $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$j_1 = [18-19), \, j_2= [19-20)$$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$j_3=[20-21)$$\end{document}$. To obtain live births of a single-year-of-age, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$b_{ij}$$\end{document}$, we use a county-specific smoothed weighted interpolation scheme. We use aggregated year-age counts of live births, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B_{ik}$$\end{document}$, available from the Texas Department of State Health Services (DSHS) \[[@CR13]\], and derive weights from state-wide age-specific live birth information available from the Centers for Disease Control and Prevention (CDC) \[[@CR14]\]. For abortions, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$a_{ij}$$\end{document}$, we use a county-specific cubic interpolation scheme. We use aggregated year-age counts of abortions, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{ik}$$\end{document}$, available from the Texas DSHS \[[@CR15]\]. For fetal losses, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_{ij}$$\end{document}$, we follow CDC recommendations \[[@CR16]\] and use the same national fetal loss rate for all locations. We use a cubic Hermite interpolation scheme and use national aggregated year-age counts for fetal losses, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$F_k$$\end{document}$, available from Ventura et al. \[[@CR17]\]. We provide details on these estimations in the proceeding sections.

Further, supplementary files for this subsection are provided in Additional files [1](#MOESM1){ref-type="media"} and [2](#MOESM2){ref-type="media"}.

We also define a subset, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$J_k$$\end{document}$, of the set of single-year age groups, *J*, as a set of single-year age groups contained in the set *k*. For example, for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k=[18-21)$$\end{document}$ we have $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$J_k = \{ [18-19), [19-20), [20-21)\}$$\end{document}$. Finally, we assume that no woman is pregnant beyond the age of 50 and below the age of 10.

Live births {#Sec4}
-----------

The National Vital Statistics System (NVSS) \[[@CR14]\] provides counts for live births by single-year-of-age of the mother for the entire state of Texas, for the year 2010. We denote this quantity by $\documentclass[12pt]{minimal}
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Under this assumption, we do not associate live births across one aggregated age-group to another. For example, we do relate the number of live births from a mother of age \[21--22) to those of age \[22--23), since they both belong to the set $\documentclass[12pt]{minimal}
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Further, the estimates for this subsection are provided in Additional files [3](#MOESM3){ref-type="media"}, [4](#MOESM4){ref-type="media"} and [5](#MOESM5){ref-type="media"}.

Fetal losses {#Sec5}
------------

The CDC recommends the use of national-average, as opposed to state-specific, fetal loss rates because most state reports of fetal deaths are limited to those with at least 20 weeks of gestation \[[@CR16]\]; see also Macdorman et al. \[[@CR18]\] and Ventura et al.  \[[@CR17]\]. Despite many states having more current data than national aggregates, the national data is more accurate \[[@CR16]\]. Limiting fetal loss reporting to at least 20 weeks of gestation could be a significant underestimate. The National Survey of Family Growth estimates about one million fetal losses per year in the United States, with majority of these occurring before the reporting requirements are met \[[@CR17]\]. For more details on the accuracy of available fetal loss data versus gestation time \[[@CR19]\].

As with live births, counts of fetal losses for single-year-of-age, $\documentclass[12pt]{minimal}
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Next, we use a piecewise-cubic Hermite interpolating polynomial (pchip) to determine single-year-of-age counts of national fetal losses.[2](#Fn2){ref-type="fn"} The national female population of age-group *j* is available from US Census Bureau \[[@CR20]\]. The red curve in Fig. [3](#Fig3){ref-type="fig"} plots the estimated national fetal loss rate (fetal losses per 1000 women) versus the age of the mother. Single-year-of-age counts of women in 2010, $\documentclass[12pt]{minimal}
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Further, the estimates for this subsection are provided in Additional files [6](#MOESM6){ref-type="media"}, [7](#MOESM7){ref-type="media"}, [8](#MOESM8){ref-type="media"} and [9](#MOESM9){ref-type="media"}.

Abortions {#Sec6}
---------

Unlike fetal losses, the CDC does not recommend the use of a national abortion rate due to wide variations in modes of data collection in geographic and demographic sub-populations \[[@CR16]\]. County-specific counts of abortions in 2010 aggregated by mother's age, $\documentclass[12pt]{minimal}
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Further, the estimates for this subsection are provided in Additional files [10](#MOESM10){ref-type="media"} and [11](#MOESM11){ref-type="media"}.

Pregnant women {#Sec7}
--------------

Finally, the number of pregnant women of age *j* for county *i* can be estimated as in \[[@CR16]\],$$\documentclass[12pt]{minimal}
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                \begin{document}$$a_{ij}$$\end{document}$ are estimated in the sections above. Figure [6](#Fig6){ref-type="fig"} presents the fractional outcome of pregnancies for ages \[15--44).Fig. 6Fraction of pregnancies resulting in live births, fetal losses and abortions versus age of mother, for the 254 counties in Texas in 2010

Further, the details for this subsection are provided in Additional file [12](#MOESM12){ref-type="media"}.
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===========

We make several comparisons between our estimates and reported data to assess the accuracy of our method. First, we compare our live birth estimates from age *j* as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sum _{i}{b_{ij}}$$\end{document}$, (using smoothed values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$b_{ij}$$\end{document}$) to the known $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${TB}_j$$\end{document}$, and find an overall error of 3.84% (Fig. [1](#Fig1){ref-type="fig"}).

Second, the CDC reported a national fetal loss rate for women aged 15--44 in 2008 of 17.9 fetal losses per 1000 women \[[@CR17]\], while our estimate for this age group in Texas is 18.0 fetal losses per 1000 women. However, the Texas DSHS \[[@CR22]\] reported a much lower rate for women aged 15--44 of 0.46 fetal losses per 1000 women. This discrepancy likely stems from the Texas DSHS reporting criteria. DSHS tracks only fetal losses occurring after 20 weeks of gestation or with a birth weight of at least 500 g \[[@CR23]\], while almost three quarters of fetal losses occur in the first trimester \[[@CR16]\]. Across the US, state reporting requirements \[[@CR23], [@CR24]\] and reporting regularity \[[@CR25]\] vary considerably. We support the CDC recommendations to assume national fetal loss estimates for county-level assessments. Our estimate of 16.9% fetal losses among all pregnancies in 2010 is consistent with the CDC report that approximately one in six pregnancies ended in a fetal loss in 2004 \[[@CR16]\].

Finally, our estimate of 73,481 abortions among Texas residents in 2010 is close to the Texas DSHS report of 73,600 \[[@CR22]\], yielding an error of 0.16%. Our method does not consider Texas residents who received abortions outside the state, which can be significant \[[@CR26]\]. Estimates that include out of state abortions are slightly higher--75,151 reported by the CDC's Abortion Surveillance System \[[@CR27]\] and 79,390 reported by Jones et al. \[[@CR28]\].

Additional files
================

 {#Sec14}

**Additional file 1.** This file contains the source information of all the input files we provide. **Additional file 2.** This file contains a summary of all the input and output files we provide. **Additional file 3.** This file contains aggregated live births for the 254 counties of Texas for the year 2010. **Additional file 4.** This file contains single-year-of-age live births for the entire state of Texas. **Additional file 5.** This file contains our estimated single-year-of-age live births for the 254 counties of Texas for the year 2010. **Additional file 6.** This file contains single-year-of-age national populations of women for the year 2010. **Additional file 7.** This file contains national aggregated fetal loss rates and corresponding populations of women for the year 2008. **Additional file 8.** This file contains single-year-of-age populations of women for the 254 counties of Texas for the year 2010. **Additional file 9.** This file contains our estimated single-year-of-age fetal losses for the 254 counties of Texas for the year 2010. **Additional file 10.** This file contains aggregated abortions for the 254 counties of Texas for the year 2010. **Additional file 11.** This file contains our estimated single-year-of-age abortions for the 254 counties of Texas for the year 2010. **Additional file 12.** This file contains our estimated single-year-of-age fractional pregnancy outcomes for the entire state of of Texas for the year 2010.
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Other interpolation methods include linear interpolation and spline. Spline interpolation is known to produce smoother outputs, which can prevent the need for smoothing as a secondary step, but pchip prevents overshoots at intermediate points. For an introduction to the relative merits of different interpolation methods see, e.g., \[[@CR21]\].
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